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Background of the Invention 



Field of the Invention 



The present invention relates generally to imaging, and more particularly 
to measuring dielectric properties using a near-field scanning microwave 
microscope. 



Related Art 

15 Dielectric thin film research has become increasingly important as the 

demand grows for smaller, faster, and more reliable electronics. For example, 
high permittivity thin films are under study in order to fabricate smaller capacitors 
while minimizing leakage. Low permittivity materials are being sought to allow 
smaller scale circuits while minimizing undesirable stray capacitance between 

20 wires. Nonlinear dielectrics, which have a dielectric permittivity which is a 

function of electric field, are being used in tunable devices, particularly at 
microwave fi^quencies. Finally, ferroelectric thin films are a solution for large- 
scale, non-volatile memories. 





All of these dielectric thin film technologies demand high-quality, 
• homogeneous films. However, this goal is often difficult to achieve because of 
the complicated fabrication process involved. Consequently, it is important to 
have a set of reliable techniques for evaluating thin film properties, such as 
permittivity and tunability. A number of different techniques are available. One 
standard low-frequency (^1 MHz) method uses thin film capacitors to measure 
the normal and in-plane components of the permittivity tensor. Another uses 
reflection measurements firom a Corbino probe. Still another method provides 
|j microwave measurements of permittivity by using transmission measurements 

ICfj through a microstrip structure. Hbwever, these techniques average over large 

^ areas and involve depositing thin film electrodes which itself can alter the 

properties of the sample. Dielectric resonators have been used as well, but also 
have the problem of low spatial resolution. More recently, near-field microscopy 
Gl techniques have allowed quantitative measurements with spatial resolutions much 

If 1 less than the wavelength. These techniques use a resonator which is coupled to 

■ a localized region of the sample through a small probe and have the advantage of 
being non-destmctive. However, it is still difficult to arrive at quantitative results 
and maintain high spatial resolution. 

TTierefore, what is needed is a non-destructive, non-invasive, system and 
20 method for imaging quantitative permittivity and tunability at high spatial 

resolution. 
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Summary of the Invention 



The present invention meets the above-mentioned needs by providing a 
system, apparatus, and method for quantitatively imaging the dielectric properties 
of bulk and thin film dielectric samples. Permittivity and dielectric tunability are 
two examples of dielectric properties capable of measurement by the present 
invention. 
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The system uses a near-field scanning microwave microscope (NSMM). 
The NSMM is comprised of a coaxial transmission line rcsonator having one end 
coupled to a microwave signal source and the other end terminating with an open- 
ended coaxial probe. The probe, which has a sharp-tipped center conductor 
extending beyond the outer conductor, is held fixed while the sample is raster 
scanned beneath the probe tip. A spring-loaded cantilever sample holder gently 
presses the sample against the probe tip with a force of about 50 fiN 
(microNewtons). A feedback circuit keeps the microwave signal source locked 
onto a selected resonant frequency of the microscope resonator. Because the 
electric fields generated by the microwave signal are concentrated at the probe tip, 
the resonant frequency and quality factor of the resonator are a function of the 
sample properties near the probe tip. Once the microwave signal has been 
applied to the sample through the probe tip, it is reflected back through the 
system. The feedback circuit is then able to receive the reflected microwave 
signal from the coaxial transmission line resonator and calculate a resonant 
frequency shift. The resonant frequency shift value is then stored in a computer. 
The computer also controls the scanning of the sample beneath the probe. To 
obtain quantitative results, the system uses calibration curves to exhibit the 
relationship between the calculated resonant frequency shift data values and the 
dielectric properties of a sample. 

The invention described herein has the advantage of being able to provide 
quantitative results for samples on a length scale of about or less. This 
allows for the measuring of sample sizes relative to the actual environment in 
which they will be used. 

The invention also has the advantage of providing more accurate 
quantitative results because the sharp protrading center conductor is represented 
as a cone during modeling. 
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Brief Description of the Figures 

The features and advantages of the present invention will become more 
apparent from the detailed description set forth below and the following figures 
in which like reference numbers indicate identical or functionally similar 
elements. Additionally, the left-most digit of a reference number identifies the 
drawing in which the reference number first appears. 

FIG. 1 illustrates the general structure and functionality of an 
embodiment of the present invention. 

FIG. 2 illustrates the use of a spring-loaded cantilever sample support 
according to an embodiment of the present invention. 

FIG. 3 is a diagram of a quantitative modeler used in an embodinMnt of 
the present invention. 

FIG. 4 illustrates a resonant fisquaicy shift detected by measurements 
taken when a sample was present versus when a sample was not present. 

FIG. 5 shows a perturbation formulaused in an embodiment of the present 
invention. 

FIG. 6 is a diagram of the electric equipotential lines for a bulk sample 
according to a quantitative model of the present invention. 

HG. 7 is a diagram of the electric equipotential fields for a thin film 
sample according to a quantitative model of the present invention. 

FIG. 8 is a diagram illustrating the modeling of the electric field near the 
microscope probe tip in an embodiment of the present invention. 

HG. 9 is a flow chart illustrating a method for determining dielectric 
properties according to the present invention. 

FIG. 10 is a flow chart depicting an embodiment of a calibration routine 
of the present invention. 



HG. 1 1 is a flow chart depicting an embodiment of a scanning routine of 
the present invention. 

FIG. 12 is a flow chart depicting an embodiment of a probe calibration 
curve generating routine. 

HG. 13 is a diagram representative of quantitative modeling curves 
generated in an embodiment of the present invention. 

FIG. 14 is a diagram representative of a calibration curve generated in an 
embodiment of the present invention. 

HG. 15 illustrates the use of a modulating bias voltage to measure 
dielectric nonlinearity according to an embodiment of the present invention. 

HG. 16 illustrates a probe tip geometry descriptor according to an 
embodiment of the present invention. 

HG. 17 is a diagram representative of a calibration curve generated in an 
embodiment of the present invention. 

HG. 18 illustrates frequency shift measurements taken at different 
heights for several dielectric samples according to an embodiment of the present 
invention. 

HG. 19 is a diagram representative of calibration curves generated for 
frequency shift measurements taken at heights of 100 fxm and 10 fxm according 
to an embodiment of the present invention. 

HG. 20 illustrates the dielectric constant of a LaAlOj sample imaged at 
100 /zm and 9.08 GHz using a 480 ^m diameter probe according to an 
embodiment of the present invention. 

HG: 21 is a chart displaying dielectric constant values taken from 
literature and the dielectric constant values obtained from experimental 
measurements taken according to a method of the present invention. 

HG. 22a illustrates a dielectric constant image of a test sample taken with 
a 480 fxm probe at 9.08 GHz and 100 /urn above the sample according to an 
embodiment of the present invention. 



HG. 22b illustrates the topography of a test sample found according to a 
• method of the present invention. 

Detailed Description of the Preferred Embodiments 

The invention described herein is a system, apparatus, and method for 
displaying the dielectric properties of bulk and thin film samples. The invention 
uses a near-field scanning microwave microscope (NSMM). 

Physiad Design for the System of the Present Invention 

An apparatus according to an embodiment of the present invention is 
illustrated in HG. 1. System 100 shows a near-field scanning microwave 
microscope having an open-ended coaxial probe 130 with a sharp, protruding 
center conductor 185. A coaxial transmission line resonator 135 is used for 
producing a resonance between the probe tip 185 and the capacitive coupler 145. 
The microwave signal source 165 is responsible for generating a microwave 
signal. The feedback circuit 160 receives a reflected microwave signal from the 
coaxial transmission line resonator 135. Feedback circuit 160 also keeps the 
microwave signal source 165 locked onto a predetermined resonance. An 
additional function of the feedback circuit 160 is to calculate a value for at least 
one parameter related to a change in the resonance due to the dielectric properties 
of a sample 125. Two possible parameters measured arc resonant frequency shift 
(Af) and quality factor (Q). A stage 120 is used to support the sample 125 in 
contact with the sharp protruding center conductor 185. Alternatively, with 
respect to FIG. 2 described in more detail below, a further embodiment of the 
present invention has a spring-loaded cantilever sample holder 210 provided to 
hold the sample relative to the sharp protruding center conductor 185 and stage 
120. 
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System 100 further includes motor controllers 1 15 for manipulating the 
■ sample 125 in contact with the sharp protruding center conductor 185 in a first, 
second, or third direction; for example, the sample can be moved and/or rotated 
along the x, y and z axes. A coupler 150 is attached between the microwave 
signal source 165 and the coaxial transmission line resonator 135. Coupler 150 
could be a directional coupler, circulator, or other device for directing microwave 
signals known to one of ordinary skill in the art. The coupler initially directs the 
microwave signal towards flie sample 125 and then directs the reflected 
microwave signal towards the feedback circuit 160. 

A detector 155 is responsible for converting the reflected signal directed 
towards tiie feedback circuit 160 into a voltage signal representative of detected 
power. A computer 105 having both memory and a processor is also shown. The 
& memory of computer 105 stores electric field configuration data files used for 

quantitative modeling. Computer 105 also stores calibration sample frequency 
shift values and test sample frequency shift values. The processor of computer 
105 mathematically determines the functional relationship between at least one 
parameter related to a change in the resonant fisquency shift and a known 
dielectric property value of a sample responsible for the change. An example of 
such aparameteris relative dielectiicpennittivityCe,). The processorof computer 
20 105 is then able to receive from feedback circuit 160 resonant frequency shift 

values for a sample with unknown dielectric properties and detennine the value 
of the unknown dielectric property based upon the model frequency shift- 
dielectric property relationship. Display device 1 10 is provided fordisplaying the 
value of the dielectric property once it has been determined by the processor 105. 
2^ FIG. 2 illustrates an alternative embodiment for the present invention 

where a spring-loaded sample support 200 is used to support the sample 125 
beneath the probe tip 185. Sample support 200 uses a cantilever sample holder 
210 having an angled end and a planar surface for supporting sample 125. A first 
bracing device 230 is fixed to the x-y stage and is joined to sample holder 210 by 
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a spring 220. The spring 220 is positioned such that it is in close proximity to the 
• pivot point created when the angled portion of sample holder 210 is brought into 
contact with a second bracing device 240 also attached to the x-y stage. This 
spring cantilever design allows the force applied by the probe tip 185 to remain 
substantially constant during scanning. Excessive wear of the probe tip during 
contact mode scanning is also reduced. The amount of force applied can be set 
by selecting an appropriate spring and adjusting the location of the spring and/or 
sample along the cantilever sample holder 210. In one example, a force of about 
50 (microNewtons) is applied between die probe tip and sample 125. 

System 100 also has a quantitative modeler described in FIG. 3 for 
determining the model frequency shift-dielectric property relationship. 
Quantitative modeler 300 receives resonant frequency shift values for calibration 
samples with known dielectric properties and test samples with unknown 
dielectric properties from computer 105 memory. Quantitative modeler 300 
provides the measured resonant frequency shift data to Model calibration curve 
generator 310 Probe calibration curve generator 320 and Test sample curve 
generator 330 in order to generate data (such as, tables, graphs, files or curves) 
showing the relationship between a measured resonant frequency shift and a 
particular dielectric property. In particular. Model calibration curve generator 
310 generates model calibration curves at different values of a geometric 
descriptor that show the relationship between a measured resonant frequency shift 
(Af) and a dielectric property (e.g. permittivity e,) for calibration reference 
samples. The operation of Model calibration curve generator 310 is further 
described with reference to figures 12 and 13. Probe calibration curve generator 
320 and Test sample calibration curve generator 330 generate calibration curves 
drawn from die model calibration curves and a geometric descriptor value of the 
probe tip 185. The calibration curves show the relationship between a resonant 
frequency shift (Af) measured during scanning and a dielectric property (e.g. 
permittivity £,) at a geometric descriptor value of the actual NSMM used in 
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imaging. The calibration curve allows a dielectric property to be determined by 
finding the point on the curve corresponding to the resonant frequency shift 
measured during scanning. The operation of Probe calibration curve generator 
320 and Test calibration curve generator 330 is further described with respect to 
figures 9, 12, 14 and 17. 

It is helpful to begin with discussion of quantitative modeling according 
to the present invention with reference to figures 4 to 8, and 16. Operation of the 
present invention is then further described with respect to figures 9-15- 



irr 

%n Quantitative Modeling 



10 ^ ' Calculating the Electric Field Near the Probe Tip 



|::| In order to arrive at quantitative results, the inventors developed a 

jlj physical model for the system, starting with the simplest case of a uniform bulk 

fy sample. Because the probe tip length is much smaller than the free space 

wavelength of the microwaves (r 4 cm), a static calculation of the microwave 
15 electric fields is performed. Cylindrical symmetry further simplifies the problem 

to two dimensions. Because of the complicated geometry of the probe tip in 
contact with a potentially multi^ayered sample, a finite element model on a grid 
is used. Using relaxation potential O in the region represented by the grid and 
taking into account any changes in the permittivity yields: 



20 V^0 + — (V4>)-(Vf,)=0 



(1) 



Using a rectangular grid, the inventors represent the probe tip as a cone with a 
blunt end of radius r^^, and perform the calculation in a spreadsheet program- 
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From Eq. (1), if 0,j is the potential at the cell at column / and row j, <by is a 
weighted average of the values of the four adjacent cells: 



Ar 



4+ 



Ar 



(2) 



where r is the radius ftom the cylindrical coordinate axis, referring to FIG. 16, Ar 
and Az are the spacing between cells in the r and z directions, respectively, and 
Ar = hz. Equation (2) is the simplest case; in practice, the equation is more 
complicated, such as at the interface between the dielectric sample (s^> 1) and the 
air (s, = 1). Near the probe tip where the electric field is the strongest, and hence, 
the most critical, the grid spacings Ar and Az are small and uniform. Inside this 
box, Az - AZfa = 0.1 nm, is fixed while the value of Ar = Ar^^ is uniform, but 
adjustable (0.5 ioa. ^ 1.0 /im), to allow for probe tips witii different 

sharpness. In HG. 16, tfie geometry descriptor of a probe tip's sharpness is 
represented with an aspect ratio parameter a s Azj^Arj,. 

The boundaries of the grid should be sufficiently far away in order to 
minimize the effect of the chosen boundary conditions on the electric field near 
the probe tip. To accomplish this, outside a region close to the probe tip, the 
values of Ar and Az continuously increase vwth distance away from the probe tip, 
allowing the outer radius of the grid to be at least 4 mm, and the height of the grid 
to be 2 mnL The resulting grid consists of 84 x 1 17 cells, which is small enough 
to be a manageable calculation with a modem personal computer. ITie top and 
outer boundary conditions are dtp/dn = 0 where n is the coordinate normal to the 
edge. At the bottom of the grid, which represents the bottom side of the 500 /im 
thick sample, (p = 0 is used for the boundary condition. To match this condition, 
the sample is placed on top of a metallic layer for scanning; this has the added 
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benefit of shielding the microscope from the effects of whatever is beneath the 
sample, which could be difficult to model. 

Two possible fitting parameters for the model are the geometry descriptor, 
i.e., aspect ratio a, and the radius of the blunt probe end. The inventors found 
that a satisfactory fit with data could be obtained by fixing Tq = (0.6 /im)/a. This 
leaves a as a single fitting parameter to represent all probes; the inventors have 
found that typically 1 < a < 2, When a is small, for example less than 1,5, the 
probe tip is considered to be blunt. When a is large, for example greater than 1 .5, 
the probe tip is considered to be sharp. 

Calculating the Frequency Shift of the Microscope 

Using perturbation theory, the frequency shift of the microscope is 
calculated as a function of the fields near the probe tip. FIG. 4 illustrates the 
frequency shift during an unperturbed state, i.e., no sample present and a 
perturbed state, i.e., sample present beneath the probe. The width of the minima 
change with respect to the changes in quality factor (Q). With reference to FIG. 
5, e^i and e^^ are defined as the permittivities of two model samples, the subscripts 
1 and 2 indicating the unperturbed and perturbed system. If Ej and are the 

calculated electric fields inside the two model samples, where E =-VO, the 
frequency shift of the microscope upon going from sample 1 to sample 2 is 

T"4wJvs(^^-^ri)Ei^E2dV (3) 

where = 8.85 x 10'*^ F/m is the permittivity of free space. W is the energy 
stored in the resonator, and the integral is over the volume V; of the sample. An 
approximate W^is calculated using the equation for the loaded Q of the resonator. 
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Ql = <^oW/Pi, where cDq is the resonant frequency, and is the power loss in the 
resonator. Jn one example, a bare 500 fim thick LaAlOj (LAO) substrate is used 
for the unperturbed system because its properties are well-characteiized (e^ = 24) 
and it is a conmion substrate for oxide dielectric thin films. 

FIG. 6 illustrates the electric fields 605 present when a bulk sample 610 
is scanned beneath probe tip 185. 



Modeling of Dielectric Thin Films 



FIG. 7 illustrates the modeling of thin fihns. To provide for imaging of 
thin fihns, the finite element model is extended to include a thin film 710 on top 
of a dielectric substrate 715 having the same thickness as the model samples. As 
long as the thin film 710 is on a substrate having the same thickness as the model 
sample, the only perturbation is the thin film (the change in total thickness of the 
sample is negligible compared to the thick substrate). The electric field 705 in 
the thin film sample is calculated using the finite element model of the present 
invention and Eq. (3) to calculate A/, integrating only over the volume of the thin 
film. Once a probe's a parameter is found using the process described above for 
bulk samples, the thin film model is used to obtain a functional relationship 
between Af and of the thin film. 

In producing the quantitative models discussed above, samples are chosen 
so as to cover a range of permittivity values in which the dielectric permittivity 
of an unknown sample is expected to fall within. The known values and t 
(thickness of the thin film 710) and the calculated values a and Q> are all stored 
in electric field configuration data files respective to each sample. In FIG. 8 for 
example, quantitative modeling data has been generated using samples with 
dielectric permittivity values of 10 to 200 and probe tip geometry of a=l and a^2. 
Accordingly, the electric field configuration data files are usable in cases where 



the dielectiic permittivity for an unknown sample can be expected to be between 
' 10 and 200. 

The following articles are related to quantitative modeling according to 
the present invention and are incorporated by reference herein in their entirety: 

"Imaging of microwave permittivity, tunability, and damage recovery in 
(Ba, St) TiO^ thin films", D.E. Steinhauer, CP. Vlahacos, F.C. Wellstood, Steven 
M. Anlage, C. Canedy, R. Ramesh, A. Stanishevsky, and J. Melngailis, Applied 
Physics Letters. Volume 75, Number 20, p. 3180 (1999); and 

"Non-Contact Imaging of Dielectric Constant with aNear-Field Scanning 
Microwave Microscope", CP. Vlahacos, D. E. Steinhauer, Steven M. Anlage, 
RC Wellstood, Sudeep K. Dutta, and Johan B. Beenstra, TTie Americas 
Microscopy and Analysis, p. 5, Januaiy 2000. 

Method of the Present Invention 

Dielectric Permittivity Imaging 

A method for an embodiment of the presort invention is illustrated by 
flowchart 900 of HG. 9. The method begins with a step 905. In a step 910. 
system 100 is calibrated according to the probe calibration routine described in 
HG. 10 to obtain calibration sample frequency shift values (Af^^, a probe tip 
geometry descriptor, and sample geometry. 

Test Sample Scanning 

In a step 915, a test sample 125 with unknown dielectric properties is 
scanned according to the routine described in HG. 11 to obtain test sample 
resonant frequency shift measurements (Af^^^p,^,.)- These measurements can also 
include determining quality factor (Q), and/or tunability information. If the test 
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sample is a thin film then it contains both a dielectric thin film and substrate. 
. Step 915 will now be described with reference to the steps provided in FIG. 11. 
The method begins with a step 1 105. In a step 1110a resonant frequency of the 
near-field scanning microwave microscope is selected. In a step 1115 a test 
sample is placed on the microscope stage, Jn a step 1 120 the probe tip is moved 
into contact with the test sample. In a step 1 125 raster scanning begins. Jn a step 
1130 a position value corresponding to the initial point of contact with the test 
sample is stored in computer 105 memory as the next scanning point. 

In a step 1135 the probe is moved to a predetermined background 

Cfi 

10 measurement position where the calibration sample no longer perturbs the 

M resonator. For example, the predetenmned background nieasurernent pos^^ 

^ ^ can be a height 1 .5 times greater than the diameter of the microscope transmission 

Q line 135, or a height at least approximately 3 millimeters above the calibration 

ri sample. In a step 1140 a background resonant frequency shift measurement is 

15 ^ taken from the background measurement position. In a step 1 145 the probe tip 

f II is moved back into contact with the test sample at the next scanning point. In a 

Step 1 150 the contact resonant frequency shift at the scanning point is measured. 
In a step 1155 the difference between the contact resonant frequency shift at the 
scanning point and the background resonant frequency shift is calculated. In a 
20 step 1 160 the calculated difference is saved in computer 105 memory as the test 

sample resonant frequency shift value. 

In a step 1165 the microscope probe tip is moved to the next scanning 
position. In a step 1170 computer 105 determines if the next scanning position 
is the end of a scan line. If the end of a scan line has not been reached then steps 
25 1 150 through 1 165 are repeated. Next, at a step 1 175 computer 105 determines 

if the next scanning position is the end of a scan area. If it is not then steps 1 135 
through 1 170 are repeated until the end of a scan area has been reached. At the 
conclusion of step 915 a set of test sample resonant frequency values have been 
, recorded or stored in computer 105 memory. 
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In a step 920, the calibration sample resonant frequency shift values 
. obtained from step 910 are used to generate a probe calibration curve according 
to the routine described in FIG. 12. In a step 925, a determination of whether the 
test sample is a thin film is made. Jn a step 930, a determination of whether all 
of the calibration samples have the same thickness as the test sample is made. 
If the test sample is not a thin film, and all of the calibration samples have the 
same thickness as the test sample, then in a step 945, one is able to determine an 
unknown dielectric property for a sample by first retrieving a test sample resonant 
frequency shift value (Af^^^j^^ ) obtained in step 915 and then locating the 
corresponding Af value on the probe calibration curve resulting from step 920. 
The dielectric property of the test sample is equal to the dielectric property 
corresponding to the Af value on the probe calibration curve resulting from step 
920. If the test sample is a thin film, or if only one calibration sample has the 
same thickness as the test sample, then in a step 935 a test sample calibration 
curve is generated. In a step 940 one is able to determine an unknown dielectric 
property for a test sample by first retrieving a test sample resonant frequency 
shift value (Af^^^pj^T-) obtained in step 915 and then locating the corresponding Af 
value on the test sample calibration curve resulting fi-om step 940. The dielectric 
property of the test sample is equal to the dielectric property corresponding to the 
Af value on the test sample calibration curve* The process concludes with a step 
950. 

In an alternative embodiment, step 920 can be performed prior to step 

915. 

In a further embodiment, step 910 can be performed after step 915 but before step 
920. Furthermore, steps 1135, 1140, and 1145 could alternatively be measured 
at each point on the sample, any desired number of times during the scan, before 
the scan, or after the scan. 
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Calibration 

To measuie the unknown dielectric permittivity (s^) of a dielectric sample, 
the NSMM is calibrated to determine the parameter a using at least two samples 
with known permittivity (ej and thickness (t). The thickness of a bulk dielectric 
test sample or a thin film test sample on top of a dielectric substrate, is referred 
to as the first determined thickness. For thin film dielectric test samples the 
thickness of the thin film is referred to as the second determined thickness. 

The process of calibrating system 100 is illustrated by flowchart 1000 of 
FIG. 10. The process starts at a step 1010. At a step 1015, at least two 
calibration samples that have known dielectric properties are selected. At least 
two of the calibration samples have the same approximate thickness with one 
another. In addition, at least one of the calibration samples has the same 
approximate thickness as the test sample with first determined thickness and 
unknown dielectric properties. If the test sample contains a thin film, an 
additional requirement is that the at least one calibration sample with approximate 
thickness equal to the test sample first determined thickness have the same 
permittivity as the substrate of the test sample. 

Calibration Sample Scanning 

In a step 1020, each selected calibration sample is scanned according to 
the scanning routine described in FIG. 1 1 to determine respective sets of resonant 
frequency shift information for samples with known dielectric permittivity values. 
The method begins with a step 1 105. In a step 1110a resonant frequency of the 
near-field scanning microwave microscope is selected. In a step 1115 a 
calibration sample is placed on the microscope stage. In a step 1 120 the probe tip 
is moved into contact with the calibration sample. In a step 1 125 raster scanning 
begins. Li a step 1130 a position value corresponding to the initial point of 
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contact with the calibration sample is stored in computer 105 memory as the next 
. scanning point. Inastep 1135 the probe is moved to a predetermined background 
measurement position where the calibration sample no longer perturbs the 
resonator. For example, the predetermined background measurement position can 
5 be a height 1.5 times greater than the diameter of the microscope transmission 

line 135, or a height at least approximately 3 millimeters above the calibration 
sample. In a step 1 140 a background resonant frequency shift measurement is 
p: taken from the background measuxement position. In a step 1 145 the probe tip 

O is moved back into contact with the calibration sample at the next scanning point. 

Itfp In a step 1150 the contact resonant frequency shift at the scanning point is 

^ measured. In a step 1 155 the difference between the contact resonant fi:equency 

shift at the scanning point and the background resonant frequency shift is 
Q calculated. In a step 1160 the cakulated difference is saved in computer 105 

|i| memory as the calibration sample resonant frequency shift value. In a step 1 165 

* ^pl microscope probe tip is moved to the next scanning position. In a step 1 170 

fll computer 105 determines if the next scanning position is the end of a scan line. 

If the end of a scan line has not been reached then steps 1 150 through 1 165 are 
repeated. Next, at a step 1175 computer 105 determines if the next scanning 
position is the end of a scan area. If it is not then steps 1135 throu^ 1170 are 
20 repeated until the end of a scan area has been reached. Stsp 1020 is repeated for 

each calibration sample. 

At a step 1025, a geometry descriptor of the probe tip is determined. The 
geometry descriptor can be input by a user or calculated by System 100. A 
geometry descriptor can be any descriptor representative of the geometry of the 
25 probe tip. Accordingly, in one embodiment of the present invention, a geometry 

descriptor is referred to as a first probe tip geometry descriptor value and a second 
IMTobe tip geometry descriptor value. In another embodiment, an aspect ratio a = 
Az/Ar is used where, Az is a distance along a z-direction parallel to a length of the I 
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resonator and the probe tip and Ar is a radius distance extending.from the central 
. axis of the probe tip 185 to its outermost surface. 

At a step 1030, sample geometry data is input. For example, with bulk 
samples, sample geometry data includes the thickness of the sample. For thin 
5 film samples on a bulk substrate, the thickness of the thin film is provided as 

well. 

Calibration Curve Generation 

p= 

f^J FIG 12 describes the routine for generating a calibration curve. The 

h§ routine begins at a step 1205. At a step 1210 electric field configuration data is 

10 |fi stored as described in FIG 8. The stored files contain data for model samples 

having approximately the same thickness as the calibration sample scanned in 
W step 1020. At least one file for each value of a has the same permittivity value 

|4: as one of the calibration samples scanned in step 1020. This permittivity is 

Ji J defined to give the unperturbed system, with Af=0. 
15 At a step 1215 model calibration curves are generated by reading from 

at least two of the previously stored electric field configuration data files, electric 
field values and permittivity values for at least two respective probe tip geometry 
descriptor values. FIG. 13 provides an example of model calibration curves for 
a=l and a=2. To generate the model calibration curve where a=l, a first 
20 previously stored electric field value (Ej) and a first permittivity value (^,) is 

chosen to represent the zero point (Af=0). A second electric field configuration 
data file where a=l is then read to obtain a second previously stored electrical 
field value (Ej) and a second permittivity value (b^^)- A point on the first model 
calibration curve is then generated by solving the equation 
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Multiple points on the first model calibration curve can be generated by repeating 
. step 1215 for different values of 6,2 and Ej. The second model calibration curve 
for a=2 is generated as described above except that electric field configuration 
data files where a equals two are used instead. 

At a step 1220, a calibration curve is generated using the model 
calibration curves from step 1215 and the calibration sample frequency shift 
values from step 1020. A point on the calibration curve is generated by first 
calculating the difference between two calibration sample frequency shift values. 
One of the calibration frequency shift values used in the calculation should 
correspond to zero point permittivity value from step 1215. Once the difference 
value has been determined it can be plotted with respect to the Af axis of the 
model calibration curve. FIG. 14 provides an example where four calibration 
points have been plotted with respect to the model calibration curve of HG. 13 
to produce a calibration curve for a=1.5. The value for a for the probe is 
determined by observing the position of the curve Cp relative to the curves 
andC„i. 

Test Sample Calibration Curve Generation 

If the test sample is a thin film sample, or if only one calibration sample 
has the same thickness as the first detennined thickness of the test sample, dien 
a separate test sample calibration curve must be generated, in step 935. 

An example test sample calibration curve is shown in FIG. 17. The 
curve is used in step 940 to convert the frequency shift values obtained in step 
915 to the values of the permittivity of the test sample. The curve C„ can be 
calculated using one of two methods. Fdr the first method, the calculation is done 
for the specific value of a determined in step 920 (such as a = 1.5, as shown in 
HG. 17). For the second mediod, the calculation is done for two or more values 
of a, shown in HG. 17 as the curves and C^. Then, the curve C« is 




-20- 



calculated for the value of a determined in step 920 by interpolating between the 
. curves and C^^, The advantage of the second method is that generating the 
curves and can be done in advance just once, requiring less calculation 
for each scan. 

For the case where the test sample is a bulk sample, and only one 
calibration sample has the same thickness as the test sample, the curves in FIG 
17 are calculated using the same method as was performed in the previous section 
with the probe calibration curve. The difference is that a new set of files 
(represented in FIG. 8) are used, which represent a sample thickness equal to the 
test sample thickness. The frequency shift measured with the NSMM for the 
calibr^on sample having tiie same thickness as the test sample (done in step 910) 
is defined as Afi=0 for the test sample calibration curves in FIG. 17. 

For the case of a thin film test sample, the curves C^^, and C^2 FIG- 17 
are calculated according to the routine described in FIG. 12. However, a different 
set of files represented in FIG. 8 is now used. In this new set, the files represent 
a thin film having a thickness equal to the second determined thickness of the thin 
film in the test sample. The volume Vs is the volume of the thin film, rather than 
the volume of the entire sample. The frequency shift measured with the NSMM 
for the calibration sample which has the same thickness as the test sample, and 
the sample permittivity as the test sample substrate, is defined as Af = 0 for the 
curves in FIG. 17. 



Nonlinear Dielectric Imaging 



FIG. 15 illustrates how electric field-dependent imaging can be 
accomplished by applying a voltage bias (V^) 1505 to the probe tip via a bias tee 
180 in the resonator according to a further feature of the present invention. A 
metallic layer 1520 beneath the thin film 1510 acts as a grounded 
counterelectrode. 
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As shown in HG 15, a sample 125 can be a dielectric thin film 1510. The 
' dielectric thin film 1510 is disposed on a grounded counterelectrode 1520. Hie 
grounded counterelectrode 1520 is provided on a substrate 1530. In order to 
prevent the counterelectrode 1520 from dominating the microwave measurement 
5 (modeling of the system has shown this to be a potential problem), the inventors 

use a high-sheet-resistance counterelectrode, making it virtually invisible to the 
microwave fields. As a result, the presence of the thin-film counterelectrode 
1 520 can be safely ignored in the finite element model described above. Because 
|l the counterelectrode 1520 is immediately braeath the dielectric thin film, the 

10 ill applied electric field is primarily in the vertical direction, unlike the microwave 

electric field, which is mainly in the horizontal direction for thin films with large 
permittivities. Also, by simulating the applied field using a finite element model 
similar to that presented above, the inventors find that the applied electric field 
beneath the probe tip is approximately uniform and equal to Eg, = Vi/tj^ where 
15 ^ is the thickness of the dielectric thin film. 

m 

ftl By modulating the bias voltage 1505 applied to the probe tip, nonlinear 

terms in the permittivity can be extracted. Expanding the electric displacement 
D in powers of the electric field E, and keeping only the nonzero terms yields 

1 1 

= ^11^1 + 2 ^113^1^3 + g ^1133^1^1 + (4) 

20 where Ey is the rf electric field in the r direction, and E^ = E^, is the applied bias 

electric field in the z direction. 

Adding a low-frequency oscillatory component (co^ = 1 kHz, with an 
amplitude of = 1 V, for example) to the bias voltage, the applied electric field 

is E^^ + coscy^r. The effective rf permittivity is then 



s s . 
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^tf - ^11 + ^n3^b^ + ^1133 



2 4 



+(^113 + ^imEi')Et,coicOi,t) 
+ 7^1133^6 cos(2g>^?)+... 



(5) 



Note that the components of at cDj, and 2ct>^ are approximately proportional to 
8ii3 and J33, respectively. Expanding the resonant frequency of the microscope 
as a Taylor series about ji(e^= e^), yields 



/ok(')]= /oki)+ £„]+ ... 



(6) 



Substituting Eq. 5 into Eq. 6, and keeping only the larger terms. 



foit) ~ constant + Sjj^Ej, 



cos(fi«) 



^fo 



cosiZox). 



(7) 



Thus, the components of the ftequency shift signal at eo^ and 2% can be extracted 
to determine the nonlinear permittivity terms e, ,3 and e„33. These nonlinear terms 
can be measured simuhaneously with the linear permittivity (s,,) while scanning. 
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As an alternative, the electric field could be applied in the horizontal 
. direction using thin film electrodes deposited on top of the dielectric thin film. 
The advantage here is that diagonal nonlinear permittivity tensor terms could be 
measured, such as Sni a^^d ejm; the disadvantage in this case is that imaging is 
limited to the small gap between the electrodes. 

Simultaneously Measuring Sample Topography 

Using a spring-loaded sample holder such as that shown in FIG. 2, one 
can also measure sample topography. This is accomplished by measuring the 
deflection of the sample holder during a scan. Because the probe tip is held fixed, 
the sample holder will deflect depending on the topography of the sample. For 
example, if the sample has a bump on top of it, the sample holder will deflect 
downward. One can record this deflection during a scan, and obtain a 
topographical image corresponding to the same region as the microwave 
image(s). 

The measurement of the deflection of the sample holder could be 
accomplished using one of many techniques, including an optical sensor, a 
capacitive sensor, an interferometer, etc. 

Overview 

The microwave microscope, as covered in patent 5,900,618, consists of 
a resonator contained in a microwave transmission line. One end of the resonator 
is an open-ended coaxial probe, which is held close to the sample, and the other 
end is coupled to a microwave source with a coupling capacitor. A sample is 
scanned beneath the probe. Because of the concentration of the microwave fields 
at the probe center conductor, the resonant flrequency and quality factor Q of the 
resonator are perturbed depending on the properties of the sample near the probe 





center conductor. One quantity recorded while scanning is the resonant 
. frequency shift (Af) of the resonator. 

Two modes of operation are non-contact mode and contact mode. In non- 
contact mode, the preferred embodiment is with the probe center conductor flush 
5 with the face of the probe, so that the end of the center conductor is in the same 

plane as the end of the outer conductor. A sample is scanned beneath the probe 
with a small gap of 10-100 pm between the probe and the sample. In contact 
f"^ mode imaging, the center conductor extends beyond the outer conductor, and has 

|!!| a sharp point. The sample holder gently presses the sample against the probe tip 

10 % with a small force. 

^ Hie invention involves calibration using dielectric samples with known 

if 1 permittivity. In the case of non-contact mode, the calibration data is interpolated, 

PI allowing one to scan dielectric samples with the same thickness as the calibration 

J;!;f samples, and to convert the microscope frequency shift into the local permittivity 

151^ = of the sample. In the case of contact-mode imaging, a physical model is used to 

PI 

1^1 1 generate the relationship between the frequency shift of the microscope and the 

local permittivity of the sample. Because of the use of the model with contact- 
mode imaging, quantitative imaging in this case is not limited to samples which 
have the same thickness as the calibration samples. The contact-mode imaging 
20 can be used for both bulk and thin-film samples. 

In contact mode, a low-frequency electric field can also be applied to the 
sample, so that permittivity can be measured as a function of the applied electric 
field. Thus, dielectric nonlinearity can be measured as well as the linear 
permittivity. 

2-5 When scanning in contact mode, an optical sensor can be used to measure 

the deflection of the sample holder, and hence, the sample, as the sample is 
scanned in contact with the probe tip. The deflection is exactly equal to the 
topographic changes in the sample. Thus, by recording this reflection at the same 
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time that Af is measured, the sample topography can be imaged simultaneously 
. with the permittivity. 

In one embodiment of non-contact mode imaging, the local dielectric 
constant of a material is determined by measuring the frequency shift of the 
microscope as a function of height above the sample. Areas as small as 100 /mi 
in diameter can be measured. 

An unknown sample is scanned and a dielectric constant is measured as 
a function of position as long as the height of the probe above the sample is 
accurately known. 

lO "^jl The technique can be performed quickly and at many locations on a bulk 

m dielectric material. 

I The techniques can be done over a very broad range of frequencies simply 

Pl by choosing other resonant modes of the microscope. In principle one can 
^ measure between about 100 MHz and 50 GHz. 
15 The technique can be applied over a broad range of temperatures, from 

1.2K to well above room temperature, possibly as high as 1000°C. 



Non-Contact Imaging of Dielectric Constant with a Near^Field Scanning 
Microwave Microscope 



In another embodiment of the present invention, a non-contact technique 
for imaging dielectric constant using a resonant near-field scanning microwave 
microscope is provided. By measuring the shift in the system's resonant 
frequency during a scan over an insulating sample, one can obtain quantitative 
images of dielectric variations. In one example, the inventors scanned seven 
samples with dielectric constants ranging from 1 to 230, using a 480 iim 
diameter probe at a height of 100 fim and a frequency of 9.08 GHz, The 
technique achieves an accuracy of about 25% for e =230 and less than 2% for 
Er=2.1, limited mainly by variations in the probe-sample separation. 
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This approach offers a fast, simple, broadband method to image dielectrics 
, using readily available microwave components. 

In one embodiment, resonant near-field scanning microwave microscope 
consists of a Im long coaxial transmission line which is capacitatively coupled 
to a microwave source at one end and terminated by an open-ended coaxial probe 
at the other end. This arrangement creates a resonant circuit in which the 
resonant frequency f© and quality factor Q are modified when a sample 
approaches the open end of the probe (see inset in Fig. 18). By using a frequency- 
j 3 following feedback circuit the invention keeps the microscope source locked on 
lO resonance. The shift of the system^ resonant fiequency Af as the sanaple und^ 

^ K tfie probe is scanned. The variations in Af are directly related to spatial variations 

III in dielectric constant in the sample. In addition, however, topogr^hic changes 
g; I will also give rise to changes in Af. 



Calibration Example 



15 To calibrate the system, the inventors constructed a test sample by placing 

six pieces of different dielectric material into the bottom of a square plastic mould 
and pouring epoxy into the mould. In addition, silicone adhesive was used to 
hold each piece down. After the epoxy cured, the test sample was removed from 
the mould, polished, and positioned on the XY table. The materials embedded 

20 in the epoxy were silicon, glass microscope slide, SrTi03, Teflon, sapphire, and 

LaAlOj. All six pieces were approximately 500 (im thick and about 6 mm x 
8 nmi in size. The overall thickness of the test sample was 6 mm. 

The frequency shift Af versus height h above the six pieces having 
dielectric constants ranging from 2.1 to about 230 is measured. The inventors 

2S also tested the epoxy which has an unknown dielectric constant. Each piece, as 

well as the probe, was flat and smooth on the scale of 5/iim as judged by an 
, optical microscope. For these measurements, a probe with a 480 fim center 
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conductor diameter and a source frequency of 9.08 GHz was used in one example 
. of implementation. For each scan, the probe was first brought in contact with a 
dielectric sample and the frequency shift Af was recorded as the heigjit was 
systematically increased. The results are plotted in Fig. 18. Samples with the 
largest dielectric constant produced the largest frequency shift, as expected. The 
largest shift observed was -26.2 MHz, when the probe was in contact with a 
SrTiOa sample with 8 =230. The smallest shift found was -1.2 MHz when the 
probe was in contact with a Teflon sample with £,=2.1. As can be seen from 
Fig. 18, the frequency shift is essentially zero above 1 mm and saturates when the 
10 III probe-sample distance is smaller than a few microns. 

^ The inventors used the above information to constmct an empirical 

calibration curve that direcdy relates the frequency shift to the dielectric constant 
? ^ oJ'd^ to constmct the calibration curve the inventors took the difference 

[sj between the frequency shift at two different heights h^ and h2, i.e., f^AfQi^- 

Af(hi), where hj is far away (h2>1000 fim). By taking the difference, the effect 
of drift in the microwave source frequency is eliminated As shown in Fig. 19, 
two calibration curves of f^ versus 8^ can be constmcted, one curve for hi=10 iim 
and h2=l.l nun and the other for hi=100 fim and hs^l.ljitm. The parameters in 
each calibration curve are set with an empirical function (solid lines in Fig. 19), 
20 allowing us to easily transform any measured frequency shift to a dielectric 

constant. From these curves one can see that one can enhance the sensitivity to 
the dielectric constant considerably by using a small probe height. On the other 
hand, at closer probe-sample separations the influence of topographic features 
will be enhanced. 
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Imaging Results 

To test the dielectric imaging capabilities of our system, the inventors next 
scanned a single sample of LaA103 which had an 8 x 5 nmi triangular shape and 
a thickness of 510 fim. The inventors placed the sample directory on the metal 
scanning table and recorded the frequency shift as a function of position. The 
data was taken at 9.08 GHz using the 480 fim probe at heights of 100 fim and 
hi mm. The two data sets are subtracted and a 100 /xm calibration curve is used 
to transform the resulting frequency shift image into a dielectric constant image. 
Figure 20 shows the resulting contour image of dielectric constant versus 
10 w position. The dielectric constant varies from about 20 to 25 over the sample and 

If I equals 1 when tiie probe is away from the sample. For comparison, the reported 

PI value of relative permittivity for LaAlOj at room temperature is e=23.9 at 

m 18 GHz. In this image, the main variation in er over the sample is due to a slight 

U tilt in the sample surface of about 20 fim. The edges of the sample show a 

1 5 ^11 smaller value of sr due to averaging over the inner conductor of the probe. The 

width of the affected region is in good agreement with the expected spatial 
resolution of about 500 /im. 

The inventors next recorded a frequency shift image of the six-piece test 
sample using a probe-sample separation of 100 jim and the 480 /im diameter 
20 probe at 9.08 GHz. As before, using the s,(f^ calibration, the frequency shift 

image is transformed into a dielectric constant image (see Fig. 22a). The darker 
regions in Fig. 22a indicate a higher dielectric constant (larger frequency shift) 
and the lighter regions indicate a smaller dielectric constant (smaller frequency 
shift). Figure 22b shows the corresponding surface plot representation. Note that 
25 the z-axis in Fig. 22b uses a logarithmic scale to allow us to show the large range 

of dielectric constants present in the sample. As expected, the largest dielectric 
constant materials (SrTiOj and LaAlOj) are the highest surfaces and the smallest 
, dielectric constant materials (Teflon and vacuum) are the lowest. Further, notice 
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that the Teflon sample forms a depression in Fig. 22b, indicating that the 
. dielectric constant of Teflon is lower than the surrounding epoxy. Note that voids 
in the epoxy can easily be seen as irregularly shaped low-dielectric regions (white 
regions in Fig. 22a) in the epoxy. Fig. 21 summarizes the dielectric constants for 
the six test materials and provides comparative data taken from literary sources. 

From Fig. 22b, it is apparent that there is some noise in our images of 
dielectric constant. In our system, the predominant sources of random errors are 
noise in our recording electronics and fluctuations in the source frequency. To 
establish the precision to which er can be determined, we determined the standard 
deviation in 8^ over a small region near the center of the LaAlO^ sample in Fig. 
20; we found A 6^=0.06 for a sampling time of 30 ms. Similarly, over the Teflon 
in Fig. 22a, the standard deviation in was 7x10^ for a sampling time of 30 ms. 
From Fig. 22 we can also estimate the absolute accuracy of our technique. For 
8^=230 (SrTiOj) the accuracy is about 25% while for 8^=2. 1 (Teflon) the accuracy 
is better than 2%. The main source of these errors is topographic variations, hi 
our test sample, even after polishing, there axe small height variations of about 
30 fim (e.g. between the sapphire and SfTiO^ in Fig. 22) between the different 
dielectrics. Such height variations cause an additional frequency shift, resulting 
in an error in the measured dielectric constant In this regard, an accurate 
measurement of the dielectric constant of a single flat dielectric sample is 
considerably easier. However, the image of the composite sample clearly 
demonstrates the strength and sensitivity of this non-contact technique to measure 
variations in e^. 

Conclusion 

While various embodiments of the present invention have been described 
above, it should be understood that they have been presented by way of example, 
and not limitation. It will be apparent to persons skilled in the relevant art(s) that 



various changes in form and detail can be made therein without departing from 
the spirit and scope of the invention. Thus the present invention should not be 
limited by any of the above-described exemplary embodiments, but should be 
defined only in accordance with the following claims and their equivalents. 
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1. A method for contact imaging of dielectric permittivity using a 
near-field scanning microwave microscope having a resonator 
with a probe tip comprising the steps of: 

(a) calibrating the near-field scanning microwave microscope 
to determine a geometry descriptor of the probe tip; 

(b) generating calibration curves; 

(c) scanning a test sample in contact with the probe tip at 
scanning locations and generating at least one test sample 

10 frequency shift value at each scanning location; and 

(d) determining the dielectric permittivity of the test sample 



O at the sample locations based on the respective generated 

III 

pj test sample finequency shift values and the generated 

^ calibration curves. 

- m 

15 2. The methodofclaiml, wherein said calibrating step (a) includes 

the steps of: 

(i) selecting a resonant frequency of the near-field 
scanning microwave microscope; 

(ii) scanning each of said at least two calibration 
20 samples, where for each scan the probe tip is first 

brought into contact with each of said at least two 
calibration samples; 

(iii) moving the microscope probe to a predetermined 
background measurement position; 

25 (iv) measuring a background resonant frequency at 

said predetermined background measurement 
' position; 
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(v) moving the probe tip into contact with said one of 
said at least two calibration samples at a scanning 
position; 

(vi) measuring a contact resonant frequency at said 
scanning position; 

(vii) calculating the difference between said contact 
resonant fiequency and said background resonant 
frequency; 

(viii) storing in memory said calculated difference as a 
calibration sample resonant frequency shift value; 

(ix) moving the sample to the next scanning position; 

(x) determining if said next scanning position is the 
end of a scan line; 

(xi) repeating steps (vi) through (x) until said end of a 
scan line has been reached; 

(xii) moving the sample to the next scan line; 

(xiii) determining if said next scan line is the end of a 
scan area; 

(xiv) repeating steps (iii) through (xiii) for each of said 
at least two calibration samples until said end of a 
scan area has been reached. 

The method of claim 2, wherein the resonator includes a 
microscope transmission line, and wherein said step (iii) 
comprises moving the microscope probe to a height 1.5 times 
greater than the diameter of the microscope transmission line. 
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The method of claim 2, wherein said step (iii) comprises moving 
the microscope probe to a height where the calibration sample no 
longer perturbs the resonator. 

The method of claim 2, wherein said step (iii) comprises moving 
the microscope probe to a height at least approximately 3 
millimeters above the calibration sample. 

The method of claim 1» wherein the geometry descriptor 
comprises an aspect ratio of the probe tip, and the calibration step 
(a) further includes calculating the aspect ratio of the microscope 
probe tip as Az/Ar, where Az is a distance along a z-direction 
parallel to a length of the resonator and the probe tip and Ar is a 
radius distance extending from the central axis of the probe tip to 
its outermost surface. 

TTie method of claim 1 , wherein the scanning step (c) includes the 
steps of: 

(i) selecting a resonant frequency of the near-field 
scanning microwave microscope; 

(ii) placing said test sample on the microscope stage; 

(iii) moving the probe tip into contact with said test 
sample; 

(i v) storing a position value corresponding to the point 
of contact with said test sample; 

(v) moving the probe to a predetermined background 
measurement position; 

(vi) measuring a background resonant frequency at 
said background measurement position; 
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(vii) moving the probe tip into contact with said test 
sample at the scanning position; 

(viii) measuring the contact resonant frequency at said 
scanning position; 

(ix) calculating the difference between said contact 
resonant frequency and said background resonant 
frequency; 

(x) storing in memory said calculated difference as a 
test sample resonant frequency shift value; 

(xi) moving the sample to the next scanning position; 

(xii) determining if said next scanning position is the 
end of a scan line; 

(xiii) repeating steps (viii) through (xii) until said end of 
a scan line has been reached; 

(xiv) moving the sample to the next scan line; 

(xv) determining if said next scan line is the end of a 
scan area; 

(xvi) repeating steps (v) through (xv) until said end of a 
scan area has been reached. 



The method of claim 7, wherein the resonator includes a 
microscope transmission line, and wherein said step (v) comprises 
moving the microscope probe to a height that is at least 
approximately 1.5 times greater than the diameter of the 
microscope transmission line. 

TTie method of claim 7, wherein said step (v) comprises moving 
the probe to a height where the test sample no longer perturbs the 
resonator. 
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The method of claim 7, wherein said step (v) comprises moving 
the probe to a height at least approximately 3 millimeters above 
the test sample. 

The method of claim 1, wherein the scanning step (c) includes 
placing a bulk test sample on the microscope stage. 

The method of claim 11» wherein the generating a calibration 
curve step (b) includes the steps of: 

(i) storing electric field configuration data files, 
wherein the data corresponds to a model sample 
having approximately the same first thickness and 
further having approximately the same 
permittivity as one of said at least two calibration 
samples with known dielectric properties; and 
wherein the data stored is representative of electric 
field values at respective and a over a 
predetermined range of and a, where ^ 
dielectric permittivity value and a is the probe tip 
geometry descriptor; 

(ii) generating a first model calibration curve using 
said stored electric field configuration data; 

(iii) generating a second model calibration curve using 
said stored electric field configuration data; 

(iv) generating a probe calibration curve using said 
first and second ^nerated model calibration 
curves and said generated calibration sample 
frequency shift values; and 
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(v) determining the geometry descriptor of the probe 
tip at the time of scanning of the test sample based 
upon the positioning of said generated probe 
calibration curve in relation to said first and 
second generated model calibration curves. 

The method of claim 12 wherein the generating a first model 
calibration curve using said previously stored electric field 
configuration data (ii) includes the steps of: 

(1) reading from a first electric field 
configuration data file where a= a first 
probe tip geometry descriptor value, a first 
previously stored electric field value (E^) 
and a first permittivity value 

(2) reading fi-om a second electric field 
configuration data file where ce^ a first 
probe tip geometry descriptor value, a 
second previously stored electrical field 
value (E2); 

(3) calculating a point on the first model- 
calibration curve by solving the equation 

(4) repeating steps (1) through (3) until a 
predetermined number of points on the 
first model calibration curve have been 
generated 
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The method of claim 12 wherein the generating a second model 
calibration curve using said previously stored electric field 
configuration data files step (iii) includes the steps of: 

(1) reading from a first previously stored 
electric field configuration data file where 
a=a second probe tip geometry descriptor 
value, a first previously stored electric 
field value (Ej) and a first permittivity 
value (Crf); 

(2) reading from a second previously stored 
electric field configuration data file where 
a= a second probe tip geometry descriptor 
value, a second previously stored electric 
field value (Ej) and a second permittivity 
value (6,2); 

(3) calculating a point on the second model 
calibration curve by solving the equation 

T " W ivsi^-^ ^ ^rrjBi^ B2 dV ; and 

(4) repeating steps (1) throu^ (3) until a 
predetermined number of points on the 
second model calibration curve have been 
generated. 

The method of claim 1, wherein the scanning step (c) includes 
arranging a thin film test sample on top of a dielectric substrate 
having approximately the same first determined thickness and the 
same permittivity as at least one of said calibration samples and 
then placing said arrangement on the microscope stage. 
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16- The method of claim 15, wherein the generating a calibration 
. curve includes the steps of: 

(i) storing electric field configuration data files 
wherein the data corresponds to a model sample having a thin film of 
5 approximately the same second determined thickness and a known dielectric 

permittivity value arranged on top of said dielectric substrate having 
approximately the same first determined thickness and the same permittivity as 
I at least one of said calibration samples with known dielectric properties; wherein 

r I the stored data files are representative of electric field values at respective and 

10 ^J: a over a predetermined range of e^. and a, wherein 8j.is a dielectric permittivity 

%| value for the model sample thin film and a is representative of a probe tip 

gl geometry descnptor; 

f I Qi) generating a first test sample calibration curve 

IjI using said stored electric field configuration data files; 

15 (iii) generating a second test sample calibration curve 

using said stored electric field configuration data files; 

(iv) generating an additional test sample calibration 
curve using said first and second test sample calibration curves and said generated 
test sample frequency shift values; 

20 17. The method of claim 16 wherein the generating a first test sample 

calibration curve using said previously stored electric field configuration data 
files step (ii) includes the steps of: 

(1) reading from a first electric field configuration 
data file where 0= a first probe tip geometry descriptor value, a firat previously 
25 stored electric field value (Ej) and a first permittivity value (e^i) where ^, is the 

permittivity of said thin film having approximately the same second determined 
thickness and known dielectric permittivity; 
, (2) reading from a second electric field configuration 
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data file where a= a first probe tip geometry descriptor value, a second previously 
, stored electric field value (E2) and a second pemMttivity value (e^ where is the 
permittivity of said thin film having approximately the same second determined 
thickness and known dielectric permittivity; 

(3) calculating a point on the first test sample 
calibration curve by solving the equation 

(4) repeating steps (1) through (3) until a 
predetermined number of points on the first test sample calibration curve have 
been generated. 

18. The method of claim 16 wherein the generating a second test 
sample calibration curve using said previously stored electric field configuration 
data files step (iii) includes the steps of: 

(1) reading from a first previously stored electric field 
configuration data file where a= a second probe tip geometry descriptor value, a 
first previously stored electric field value (E{) and a first permittivity value (s^j) 
where £,1 is the permittivity of said thin film having approximately the same 
second determined thickness and known dielectric pemiittivity; 

(2) reading from a second previously stored electric 
field configuration data file where a= a second probe tip geometry descriptor 
value, a second previously stored electric field value (E^ and a second 
permittivity value (s^) where is the permittivity of said thin film having 
approximately the same second determined thickness and known dielectric 
permittivity; 

(3) calculating a point on the second test sample 
calibration curve by solving the equation 




(4) repeating steps (1) through (3) until a 
predetermined number of points on the second test sample calibration curve have 
been generated. 
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19. An apparatus for displaying dielectric properties comprising: 

(a) a near-field scanning microwave microscope having an 
open-ended coaxial probe with a sharp, protruding center conductor; 

(b) a coaxial transmission line resonator that has a resonant 

frequency; 

10 J' " (c) a microwave source coupled to said coaxial transmission 

line resonator through a capacitive coupler for generating said voltage; 

(d) a spring-loaded cantilever for supporting said sample in 
contact with said sharp protruding center conductor; 
^ (e) a bias tee coupled to said coaxial transmission line 

15 resonator for applying a local electric field to said sample in contact with said 

sharp protruding center conductor; 

(f) a first motor controller for manipulating said sample in 
contact with said sharp protruding center conductor in a first direction; 

(g) a second motor controller for manipulating said sample in 
20 contact with said sharp protrading center conductor in a second direction; 

(h) a third motor controller for manipulating said sample in 
contact with said sharp protruding center conductor in a third direction; 

(i) a coupler joined to said microwave source and said 
coaxial transmission line resonator; 

25 (j) a detector for converting the microwave signal fix)m said 

coupler into an output signal; 

(k) a feedback circuit receives the output signal fi:om said 
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detector and measures a shift change in resonance frequency, wherein said 
feedback circuit keeps said microwave source locked onto a predetermined 
resonant frequency; 

0) a processor for determining between at least one 
parameter related to a change in said resonant frequency and a known dielectric 
property value of a sample responsible for said change; wherein the processor is 
further able to receive from said feedback circuit said value for at least one 
parameter related to a change in said resonant frequency due to an unknown 
dielectric property of said sample and determine the value of said unknown 
dielectric property; and 

(m) a display device for imaging the value of said unknown 
dielectric property once said value is determined by said processor. 

20; A system for quantitatively modeling and imaging of dielectric 
properties, comprising: 

(a) a memory device that stores 

(i) files of electric field values, and a over a 
predetermined range of and a, where is a 
dielectric permittivity value anda is representative 
of said probe tip geometry descriptor; 

(ii) calibration sample resonant frequency shift values; 

(iii) test sample resonant frequency shift values; 

(b) a model calibration curve generator that generates two 
model calibration curves using the stored files in said 
memory; 

(c) a probe calibration curve generator that generates a probe 
calibration curve using said generated model calibration 
curves and said calibration sample frequency shift values. 
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(d) a test sample calibration curve generator that generates a 
test sample calibration curve using additional model 
calibration curves and adddtional calibration sample 
frequency shift values; 

5 21 . A spring-loaded sample holder comprising: 

(a) a sample support having an angled end and a planar 
I , surface for supporting a sample; 

IJf (b) a first bracing device in contact with the angled end of 

id- 

m said sample support so as to create a pivot point; 

5fS. 
3.1 S 

1C|| (c) a spring mounted to the sample support; and 

j|J (d) a second bracing device in contact with said spring for 

If 

holding the spring in place. 



U 
13 



22- The method of claim 21, wherein a probe is held fixed and in 



G contact with the sample. 

III. ■ 

15 23. The method of claim 22, wherein the sample holder and sample 

are scanned horizontally. 



24. The method of claim 23, wherein a sensor measures the vertical 
displacement of the sample holder, such that this displacement is 
a function of the topography of the sample. 

20 25. An apparatus for imaging a sample using a near-field scanning 

microwave microscope, comprising: 

a bias tee in a coaxial transmission line resonator for 
applying a low-frequency bias voltage to a microscope probe tip 
and wherein the low-fi:equency bias voltage is independent of a 
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microwave signal, whereby a local electric field can be applied to 
a sample to allow for noniinearity and tunability measuring. 

A method for non-contact imaging of dielectric permittivity using 
a near-field scanning microwave microscope having a resonator 
with a probe tip comprising the steps of: 

(a) calibrating the near-field scanning microwave microscope 
using at least three dielectric samples with known 
dielectric properties; 

(b) generating calibration curves; 

(c) scanning a test sample with the probe at a piedetemiined 
scanning height and generating at least one test sample 
firequency shift value at said predetermined scanning 
height; and 

(d) determining the dielectric permittivity of the test sample 
based on the generated test sample resonant frequency 
shift value and the generated calibration curves- 

The method of claim 26, wherein said calibrating step (a) 
includes the steps of: 

(i) selecting a resonant firequency of the near-field 
scanning microwave microscope; 

(ii) placing one of said at least three calibration 
samples beneath the probe; 

(iii) positioning the probe at a first predetermined 
height; 

(iv) measuring a resonant frequency at said first 
predetermined height; 
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(v) moving the probe to a second predetennined 
height; 

(vi) measuring the resonant fiequency at said second 
predetermined height; 

(vii) calculating the difference between said resonant 
frequency at said first predetennined height and 
said resonant frequency at said second 
predetermined height; 

(viii) storing in memory said calculated difference as a 
calibration sample resonant frequency shift value; 

(ix) repeating steps (ii) through (viii) for each of said 
at least two calibration samples. 



28. The method of claim 26, wherein said generating calibration 
curves step (b) includes the step of plotting said calibration frequency 
shift values as a function of dielectric constant (e^ and frequency shift. 

' rii 

29. The method of claim 26, wherein said scanning a test sample step 
(c) includes the steps of: 

(i) selecting a resonant frequency of the near-field 
scanning microwave microscope; 
20 (ii) placing said test sample beneath the probe; 

(iii) positioning the probe at a first predetermined 
height; 

(iv) measuring a resonant frequency at said first 
predetermined height; 

25 (v) moving the probe to a second predetermined 

hei^t; 




o 
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(vi) measuring the resonant frequency at said second 
predetermined height; 

(vii) calculating the diffe^nce between said resonant 
frequency at said first predetermined height and 
said resonant frequency at said second 
predetermined height; 

(viii) storing in memory said calculated difference as a 
test sample resonant frequency shift value. 
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(57) Abstract: A near-field scanning microwave microscope images the peimittivity and dielectric tunability of bulk and thin film 
dielectric samples on a length scale of about 1 nHcron or less. The microscope is sensitive to the linear permittivity, as well as to 
nonlinear dielectric t^ms, which can be measured as a fimctioii of an allied electric field, A versatile finite element model is used 
for the system, which allows quantitative results to be obtained. The technique is non destructive and has broadband (0.1-50 GHz) 
capability. 
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Prior Foreign Application(s) 

NpCT/USOQ/08943 
Ij (Number) 



PCT 



(Country) 



(Number) 



(Country) 



5 April 
(Day/MonthA^ear Filed) 



(Day/MonthA'ear Filed) 



Priority Not Claimed 
□ 

□ 



(Fiiing Date) 
24 March 2000 



||ereby claim the benefit under 35 U.S.C. § 119(e) of any United States provisional application(s) listed below. 

r?^60/153,354>^ 10 September 1999^ 

lUpplication Number) 

^'"60/191,903 ^ 

^Implication Number) " (Filing Date) 

f l^ereby claim the benefit under 35 U.S.C. § 120 of any United States application(s). or § 365(c) of any PCT International 
duplication designating the United States, listed below and, insofar as the subject matter of each of the claims of this application 
fetiot disclosed in the prior United States or PCT International application in the manner provided by the first paraqraDh of 

|5 U.S.C. § 112. r a r 

||cknowledge the duty to disclose information which is material to patentability as defined in 37 CFR § 1.56 which became 
lipilable between the filing date of the prior application and the national or PCT International filing date of this application. 



(Application Number) 



(Filing Date) 



(Status-patented, pending, abandoned^ 



(Status-patented, pending, abandoned) 



(Application Number) (Filing Date) ^o«iu^-paremea, penaing, aoanaonea) 

I hereby appoint the following atforney(s) and/or agent(s) to prosecute this application and to transact all business in the Patent 
and Trademark Office connected therewith: MORTON J. ROSENBERG, ESQ., REG. 12fiJM9; 
^ DAVID I, KLEIN, ESQ., REG. #Jja253;JUN Y. LEE, ESQ., RE G. # 40.262 

Address all telephone calls to mortqm.i rqc^fmpf"^ telephone number 4lQ-46fi-fifi7fl 

Address all correspondence to ROSENBERG ^ Ki fim r pp, 

3458 F l I I C O TI^afeg E n Dr w& -Sij|TE 101 
ELLICOTT CITY. MD 210^ ^ 
FAX^#:JlQ:4SliaQ67__ 
E-MAIL ADDRESS: rk Mikip_atlaw.com 
I hereby declare that all statements made herein of my own knowledge are true and that all statements made on Information 
and belief are believed to be true; and further that these statements were made with the knowledge that willful false statements 
and the like so made are punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United Slates Code 
and that such willful false statemen^ay jeoMidize the validity of the application or any patent issued thereon. 
Full name of sole or first inventOi^vegHTgm^^ ^irggven Mark Anlase (Anlage is Family Name) 

Inventor's signature < .^^^ /W a^^-^O-^ Date 9V%;PA2. 

Citizenship United.^g^es' ^^^^^ ^a^e V ^^^^ 



Mailing Address SSl-CT rferons Flight 



Laurel. Maryland 20723 fA 



ull name of second joint inventor, if apy (given name, family name) , 

Second Inventor's signature ^^-^^^^=:^ — 

Citizenship United States 

Mailing Address 2941 - 217th 



Da:sz:id E. Steinhauer (Steinhauer is 



Date. 



Taml 
— Nt 



Brier , Washington 



Place SW 

98036 



Additional Inventors are being named on separately numbered sheets attached hereto. 



Tnird Joint Inventor 

^^rO Constantine P, Vlahacos (Vlahacos is Family Name) 

Inventor's Signature ~7 ^ ^ y /l / Date^ ~ 



-2^ 



Citizenship 

United States of America 



Mailing Address 

3014 E. Baltimore Street 



1'lmr'-^^ 1 . Mayyiir^nH 21224 y\0 



Fourtin Joint Inventor 

Frederick Wells toaiL (Wellstood is Family Name) 



Inventor's Signature ^^^.^^^ — p - y /) Date 



Clifzenship 

ri United States. 



M^Rlg Address 
pl 6123 Main Street 



Lanham , ^ Maryland 20706 UA Q ^ 

15 



FiflhiJoint Inventor 



Investor's Signature Date 



Citizenship 



Mailing Address 



Sixth Joint Inventor 



Inventor's Signature Date 



Citizenship 



Mailing Address 



United States Patent & Trademark Office 

Office of Initial Patent Examination -- Scanning Division 
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